Objectives: This paper describes the antileishmanial properties of LQB-118, a new compound designed by molecular hybridization, orally active in Leishmania amazonensis-infected BALB/c mice.
Introduction
Antimony-containing drugs remained the first-line treatments for leishmaniasis in most of the world for about 70 years. In spite of the development of miltefosine and of novel formulations of conventional drugs, little impact on disease incidence has been observed in endemic areas. This trend may be explained partially by the high cost of the new alternatives, which hampers their use in developing countries. Furthermore, there are some concerns about the teratogenicity of, and the induction of resistance to, miltefosine. 1 Thus, the development of new, safer, cheaper and orally available drug treatments for leishmaniasis is urgently needed. Quinones are important compounds with activity in biological systems and several studies have investigated the use of this class of natural products against Leishmania spp. and Trypanosoma cruzi.
2 However, the further development of this group of compounds has been hampered by their high toxicity and low bioavailability. Atovaquone, a quinone currently used to treat Pneumocystis carinii infections, has shown in vitro activity against Leishmania infantum. However, its activity in L. infantum-infected mice was unsatisfactory. 3 On the other hand, our group have recently demonstrated the antileukaemic activity of pterocarpan derivatives, a class of isoflavonoids. 4 This article presents the results of the molecular hybridization of a naphthoquinone core with a pterocarpan moiety, which yields a hybrid compound that possesses selective antileishmanial activity and is orally bioavailable in mice.
Materials and methods

Chemicals
LQB-118 was synthesized in the Laboratory of Bioorganic Chemistry, Nú cleo de Pesquisas de Produtos Naturais, Universidade Federal do Rio de Janeiro, Brazil. The compound was prepared in two steps from commercially available lawsone and ortho-iodophenol, as previously described. 5 Sodium stibogluconate (Pentostam) was a gift from GlaxoSmithKline and meglumine antimoniate (Glucantime, Sanofi-Aventis) was acquired commercially.
Parasites
Leishmania amazonensis (MHOM/BR/77/LTB0016) was maintained as promastigotes at 268C in Schneider's insect medium (Sigma-Aldrich, St Louis, MO, USA) with 10% serum, 100 mg/mL streptomycin and 100 U/mL penicillin. Parasites were maintained until the 10th passage; subsequently, new cultures were obtained from infected animals.
Anti-amastigote activity
Resident peritoneal macrophages were plated in RPMI (Sigma-Aldrich) at 2×10 6 /mL (0.4 mL/well) in Lab-Tek eight-chamber slides (Nunc, Roskilde, Denmark) and incubated at 378C in 5% CO 2 for 1 h. Stationary-phase L. amazonensis promastigotes were added at a 3:1 parasite/macrophage ratio for 3 h. After washing three times, LQB-118 at various concentrations was added for 72 h. Next, the slides were stained using an Instant Prov haematological dye system (Newprov, Curitiba, Brazil). The number of amastigotes was determined by counting at least 100 macrophages per sample. The results were expressed as an infection index ( ¼% infected cells×number of amastigotes/total number of macrophages). The 50% inhibitory concentration (IC 50 ) was determined by logarithmic regression analysis in GraphPad Prism 4.
To evaluate the toxicity of LQB-118, murine peritoneal macrophages (2×10 6 in 200 mL) were incubated with LQB-118 (1.25-40 mM) for 72 h at 378C/5% CO 2 . Viability was quantified using a trypan blue method, counting at least 100 macrophages per sample. Statistical analysis was performed using Student's t-test.
In vivo activity
BALB/c mice (6/group) were infected in the footpad with 2×10 6 L. amazonensis promastigotes. The method of treatment was similar to that described by Mendez et al., 6 beginning 72 h following infection. Subcutaneous treatment consisted of injections of 10 mL of either LQB-118 (15 mg/kg/day) or sodium stibogluconate (100 mg/kg/day), five times a week, until the end of the experiment (day 105), when the animals were euthanized. Negative controls were similarly treated, but with sterile PBS. Additional animals were treated with LQB-118 at 4.5 mg/kg/day, either orally or intraperitoneally, five times a week until the end of the experiment (day 85), when the animals were euthanized. Control animals were either treated with meglumine antimoniate at 17 mg Sb 5+ /kg/day at the same frequency as LQB-118, or were left untreated. Lesion sizes were measured using a dial calliper every 3 -4 days. At the end of each experiment the mice were euthanized and their infected paws were excised, skinned, weighed and minced in Schneider's medium (Sigma) containing 5% fetal calf serum. The resulting cell suspensions were serially diluted and evaluated by limiting dilution analysis after 7 days. This study was approved by the Animal Ethics Committee of Oswaldo Cruz Foundation (license number LW07/2010). Statistical analysis was performed by analysis of variance with a Bonferroni post test.
Toxicology
BALB/c mice were infected and orally or intraperitoneally treated as described above. On day 85, at the end of the treatment, the serum levels of aspartate aminotransferase (AST), alanine aminotransferase (ALT) and creatinine were measured using laboratory colorimetric diagnostic kits (Doles, Goiâ nia, Brazil). Positive control animals received a single dose of 1% carbon tetrachloride (CCl 4 ) in peanut oil by an intraperitoneal route.
Results
Selective antileishmanial activity of LQB118
Several naphthopterocarpanquinone derivatives were evaluated for antipromastigote activity against L. amazonensis and LQB-118 ( Figure 1a ) was selected because it had the lowest IC 50 (1.73 mM) and the easiest synthesis. In the next step we determined whether LQB-118 was able to act against intracellular amastigotes without being toxic to host cells. LQB-118 A novel oral quinone against cutaneous leishmaniasis 1557 JAC produced a concentration-dependent reduction in parasite load, with an IC 50 of 1.45 mM (Figure 1b) . Furthermore, the viability of uninfected macrophages was unaffected by concentrations of up to 10 mM LQB-118. The IC 50 in macrophages was found to be 18.46 mM, which is 12-fold higher than the IC 50 obtained against intracellular amastigotes.
In vivo activity
Considering the results of the in vitro experiments, two different protocols were developed to evaluate the activity of LQB-118 in a murine cutaneous leishmaniasis model. The two protocols were used to assess whether the test compound possessed in vivo antileishmanial activity when administered locally (subcutaneously at the site of infection) and systemically (intraperitoneally or orally), respectively. When administered subcutaneously, LQB-118 was as effective as pentavalent antimonial in preventing lesion development (Figure 2a) . LQB-118 also promoted a significant reduction in the parasite burden compared with the PBS group (Figure 2a, insert) . LQB-118 retained antileishmanial activity when delivered systemically, even when administered orally (Figure 2b ). Orally delivered LQB-118 was as effective as intraperitoneally administered antimonial.
3 Moreover, LQB-118 was slightly less effective when delivered intraperitoneally. Despite these differences in lesion development, both oral and intraperitoneal treatments effectively reduced the parasite burden, as shown in Figure 2b (insert). Furthermore, no significant differences in serum levels of ALT, AST or creatinine were measured in treated and untreated animals (Figure 2c) . To verify the possible induction of resistance by LQB-118, we evaluated the susceptibility of parasites recovered from the systemically treated mice to LQB-118. Lesion amastigotes were allowed to differentiate into promastigotes by incubation in Schneider's medium containing 10% fetal bovine serum at 268C for 7 days. Next, the promastigote susceptibility assay was performed as before. Despite the long duration of treatment, no significant differences in IC 50 were observed (untreated control, 1.48+0.35 mM; intraperitoneal delivery, 1.21+0.05 mM; and oral delivery, 1.23+0.03 mM).
Discussion
Recently, new compounds have been designed and synthesized by our group by molecular hybridization of naphthoquinones with pterocarpans (naturally occurring isoflavonoids). These hybrid pterocarpanquinones show in vitro antineoplastic and antiparasitic activity. 7 In this article, a new pterocarpanquinone (LQB-118; Figure 1a ) with potent activity against L. amazonensis (Figure 1b) is described. We demonstrate that LBQ-118 is toxic to macrophages only at concentrations 12-fold higher than that required for activity against the intracellular forms of L. amazonensis. Having demonstrated selective in vitro activity of LQB-118, we evaluated its effectiveness in controlling lesion development in L. amazonensis-infected BALB/c mice. Early antileishmanial therapy has been adopted to maximize the effect of experimental drugs. 6, 8 Given that pharmacokinetic data for LQB-118 are not yet available, a long course of treatment, starting 72 h post-infection, was adopted in this work. BALB/c mice are extremely susceptible to L. amazonensis infection, with progressive swelling at the inoculation site followed by ulceration and metastasis. We found that LQB-118 significantly diminished the development of these skin lesions when delivered either locally or systemically (Figure 2a and b). Treatment resulted in both a reduction in swelling and ulceration and an important reduction in parasite burden. As previously reported, 9 not even pentavalent antimonials can achieve a sterile cure. Significantly, the remaining parasites recovered from the LQB-118-treated mice did not demonstrate resistance following treatment. Additionally, the major serological markers of toxicity, such as aminotransferases and creatinine, were not significantly altered by the long course of systemic treatment (Figure 2c) . However, further specific toxicity studies, such as genotoxicity, remain to be performed. Moreover, poor bioavailability has been a concern when using quinones, because of their reduction and conjugation during first-pass metabolism. 10 Apparently, these problems are not associated with LQB-118, given that it was effective even when administered orally.
Taken together, these results demonstrate that the molecular hybridization of a naphthoquinone core with a pterocarpan moiety yielded an antileishmanial lead compound active by the oral route. Additional studies are needed to determine its activity against other Leishmania species, the best therapeutic regimen and the mechanism of action of this promising compound.
